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Purpose: We delineate the clinical spectrum and describe the histology in arterial tortuosity syndrome (ATS), a rare connective tissue disorder characterized by tortuosity of the large and mediumsized arteries, caused by mutations in SLC2A10.
Methods:
We retrospectively characterized 40 novel ATS families (50 patients) and reviewed the 52 previously reported patients. We performed histology and electron microscopy (EM) on skin and vascular biopsies and evaluated TGF-β signaling with immunohistochemistry for pSMAD2 and CTGF.
Results: Stenoses, tortuosity, and aneurysm formation are widespread occurrences. Severe but rare vascular complications include early and aggressive aortic root aneurysms, neonatal intracranial bleeding, ischemic stroke, and gastric perforation. Thus far, no reports unequivocally document vascular dissections or ruptures.
Of note, diaphragmatic hernia and infant respiratory distress syndrome (IRDS) are frequently observed. Skin and vascular biopsies show fragmented elastic fibers (EF) and increased collagen deposition. EM of skin EF shows a fragmented elastin core and a peripheral mantle of microfibrils of random directionality. Skin and end-stage diseased vascular tissue do not indicate increased TGF-β signaling.
INTRODUCTION
Arterial tortuosity syndrome (ATS, MIM 208050) is a rare, autosomal recessive connective tissue disorder characterized by elongated and tortuous large and medium-sized arteries with a propensity for aneurysm formation, dissection, and ischemic events. [1] [2] [3] [4] [5] [6] [7] Arterial narrowing, both locally and over longer stretches, may be associated, mainly in the pulmonary arteries and the aorta. Patients usually present with suggestive craniofacial and connective tissue manifestations such as a hyperextensible skin, cutis laxa, diaphragmatic hernia, and Marfanoid skeletal features. 1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Initial reports describe a poor prognosis with mortality rates up to 40% before the age of 5 years, 7 but subsequent series suggest a milder course. 15 Despite the description of 38 probands to date, the clinical spectrum and natural history are incompletely studied and therefore, clinical management relies mainly on expert opinion.
ATS is caused by loss-of-function mutations in the SLC2A10 gene (MIM 606145) encoding the facilitative glucose transporter GLUT10. 16 The substrate and intracellular location(s) of GLUT10 remain uncertain, and as a consequence, the pathogenesis elusive. The main hypothesis depicts GLUT10 as a transporter of dehydroxyascorbic acid that may be present both over the mitochondrial membranes and the endoplasmic reticulum. In mitochondria, reduced dehydroxyascorbic acid or ascorbic acid acts as a reactive oxygen species scavenger, which protects cells against oxidative stress. In the endoplasmic reticulum, ascorbic acid functions as a hydroxylation cofactor for both prolyl and lysyl residues, which in its turn is a crucial reaction for elastin and collagen maturation. 17 Histopathology of affected vessel walls reveals fragmentation of the internal elastic lamina and elastic laminae of the tunica media of the large arteries, 2, [4] [5] [6] 8, 9, 12, 14 but the consequences at the ultrastructural level have not been described. Several connective tissue disorders associated with arterial tortuosity and aneurysm formation show considerable clinical, histological, and pathophysiological overlap with ATS. These include autosomal recessive cutis laxa type 1b (MIM 219100) caused by FBLN4 mutations (MIM 604633) and Loeys-Dietz syndrome (MIM 609192). 18, 19 Furthermore, these disorders show upregulation of the TGF-β signaling pathway in vascular tissue affected by end-stage disease. However, a morpholino knockdown zebrafish model for ATS suggested reduced TGF-β signaling during initial developmental stages. 20 This study reports the clinical and molecular data for 40 newly identified ATS families including 50 affected individuals. In addition, we performed a clinical review of 52 patients described in the literature.
MATERIALS AND METHODS

Patients
All the included patients harbor biallelic SLC2A10 mutations. Informed consent was obtained from all subjects or from their parents for minor patients, including specific consent to publish clinical pictures in Figure 1 . Clinical information and cardiovascular imaging data were retrospectively obtained from trained clinicians at the referral centers using a checklist (Supplementary Table S1 online). When available, clinical photographs and cardiovascular imaging data were reviewed by B.C. to minimize interobserver variability. In addition, we reviewed the data for all 52 previously reported patients with confirmed SLC2A10 mutations, using the same methodology. Proband F21 was published previously as a short case report, 21 but we provide more extensive clinical data here. This study was approved by the Ghent University Hospital and Arkansas Children's Hospital ethical committees (registration number B670201319336).
Molecular analysis
Genomic DNA was extracted from blood samples using standard procedures. The SLC2A10 gene was amplified by polymerase chain reaction (primers available on request) and polymerase chain reaction products were sequenced using next-generation sequencing (MiSeq, Illumina, San Diego, CA, USA) and compared with the wild-type sequence as submitted by the Genbank accession number NM_030777.3. 15 Complementary DNA numbering starts at the first nucleotide of the ATG start codon and protein annotation starts at the first methionine.
Histology and electron microscopy
We obtained skin biopsies of probands F30, F33, and F34, pulmonary artery biopsies of patient F12:V-2, F21, and F34, and an aortic biopsy of patient F22. A skin control sample was obtained from an age-and sex-matched patient referred for exclusion of systemic lupus erythematosus, control pulmonary arteries biopsies were obtained from an age-matched patient with ornithine transcarbamylase deficiency, and control aorta was obtained from an age-matched patient with suspected vascular Ehlers-Danlos syndrome with normal elastic fibers on orcein staining (two different 22 Thin sections (60 nm) were cut, placed on formvar-coated grids, and counterstained with 7% methanolic uranyl acetate and lead citrate. Sections were viewed using a Tecnai 12 transmission electron microscope at 120 kV and images were digitally captured.
RESULTS
Demographic features
We report 40 newly identified ATS families. The male-tofemale ratio of affected individuals is 27/22 (p = 0.88). The present age of the probands ranges from 1 to 30 years (mean 11.37 years, median 8 years). Age at diagnosis ranges from neonatal to 30 years (mean 4.84 years, median 2 years). Parental consanguinity was observed in 18 affected families.
No mortality was observed in our cohort, although a sister of proband F11, retrospectively likely affected with ATS, died from complications of a diaphragmatic hernia.
Clinical presentation
The clinical characteristics of all patients are presented in Supplementary Table S2 . First presentations initiating further investigation leading to the diagnosis are listed in Table 1 . About half of all patients presented with cardiovascular manifestations, mostly coarctation of the isthmus aortae or a functional cardiac murmur for which echocardiography was requested. One patient showed aortic tortuosity on routine radiography for pneumonia. Six term probands manifested infant respiratory distress syndrome (IRDS), recovering well with standard neonatal care. Other presenting symptoms included skin abnormalities such as stretchable skin and cutis laxa, as well as gastrointestinal problems including failure to thrive and pyloric stenosis. Five patients were diagnosed upon familial segregation. Prenatal manifestations were evaluated in three probands and include the observation of aortic tortuosity, oligohydramnios, and intrauterine growth retardation.
Clinical manifestations
Most patients presented with typical craniofacial manifestations including a long face, hypertelorism, downslanting palpebral fissures, epicanthal folds, sagging cheeks, large ears, and a highly arched palate ( Figure 1a) . Four probands were diagnosed with a cleft palate or bifid uvula. About one-third of the patients appeared prematurely aged. Skeletal manifestations included joint laxity in most patients (36/42, 86%) with a mean Beighton score of 6.55/9 (range 5-9/9), pectus deformity (predominantly pectus excavatum) (17/45, 38%), arachnodactyly (15/47, 32%), and scoliosis (12/44, 27%). Several patients had muscular hypotonia. Ocular involvement included myopia (15/36, 42%) and five patients examined with automated keratometry and ultrasonic pachymetry showed corneal thinning (5/5), keratectasia (3/5), keratoconus (2/5), and keratoglobus (1/5). 23 Skin involvement ranged from a thin, hyperextensible skin with a velvety texture in the vast majority of patients to marked cutis laxa in 21 patients (51%). We did not observe any significant wound healing problems following surgery. Eleven patients had diaphragmatic hernias (34%), eight of which were surgically corrected. Eight patients presented with hiatal hernias (26%).
Inguinal hernias were observed in one-third of the patients. Six patients had both inguinal and diaphragmatic hernias, and five patients had umbilical hernias. Feeding difficulties were noted in five patients and four patients had a pyloric stenosis. Eight patients were diagnosed with renal and urinary tract abnormalities, of which three showed dilation of the pyelocaliceal system.
Cardiovascular manifestations
Tortuosity of the aorta and/or midsized arteries was invariably present (Figure 1b , Supplementary Table S1 ) and six patients had an abnormal implantation of the aortic side-branches. Tortuosity mostly affected the head, neck, and pulmonary arteries (48% Right and/or left ventricular hypertrophy and dilatation was associated with pulmonary artery stenosis or aortic stenoses, respectively. Mitral valve prolapse was present in patient F8.
Molecular analysis
A total of 23 different mutations were found, of which 12 are previously unreported (Figure 1c) . Of the 23 SLC2A10 mutations identified in this series, there were 13 missense mutations, 3 nonsense mutations, 2 splice-site mutations, and 5 small deletions leading to a frameshift. For the novel mutations, the pathogenicity classification and CADD 24 score are represented in the Supplementary Table S2 . We did not observe any genotype-phenotype correlations.
Histology
Verhoeff-Van Gieson staining on pulmonary and aortic biopsies in respectively patients F12:V-2, F21, F34, and patient F22 reveals disorganization of the elastic fibers. We observe a reduction of smooth elastic lamella, with highly disorganized, thicker, and more fragmented elastic fibers in vascular tissue. Elastic fiber fragmentation is more pronounced in aortic tissue. Picrosirius Red polarization staining shows increased and disorganized collagen deposition compared with the control samples ( Figure 2) . These findings were recapitulated on skin biopsies of ATS patients F33 and F34 showing few and disorganized elastic fibers compared with an age-and sex-matched control sample (Supplementary Figure S1) .
Transmission electron microscopy of an elastic fiber in a control skin biopsy demonstrates a solid, dense core of elastin surrounded by a sparse mantle of microfibrils. In contrast, elastic fibers observed in the skin of ATS patients show abnormal ultrastructure, when compared with control elastic fibers. In ATS patient F30, although some elastin is solid and forms a core, the elastin in the periphery of the fiber is fragmented and infiltrated with microfibrils. In ATS patients F33 and F34, the elastin fiber core is disrupted by the presence of microfibrils, and an extensive, peripheral mantle of microfibrils, of random directionality, can also be seen (Figure 3) .
TGF-β signaling
Neither skin nor end-stage diseased arterial samples show evidence of altered pSMAD2 and CTGF staining compared with controls ( Figure 2, Supplementary Figure S1 ).
DISCUSSION
This study describes the largest patient cohort with a molecularly confirmed diagnosis of ATS reported to date. Mutations in SLC2A10 are spread throughout the gene, but missense mutations locate almost exclusively in the transmembrane and endofacial domains. This suggests that the critical passage of the substrate through the transporter locates at the endofacial side. Furthermore, the absence of mutations in the large exofacial loop between transmembrane domain 9 and 10 suggests a less critical role for this GLUT10-specific domain.
Initial case reports and generalized arterial anomalies in ATS suggested a poor prognosis. 7 Causes of death, though frequently unknown, were reported to include pulmonary infection, 7 myocarditis, 2 and organ infarctions. 5, 7, 8 Similar to a previous report, 15 the prognosis in this cohort seems more favorable, but differs significantly among individuals. However, the lack of natural history data precludes evidence-based management of patients.
The clinical data in this study are largely in line with previously reported series ( Table 2) . In our series, 21% developed aortic root dilatation at the level of the sinuses of Valsalva, which is more common than what has been reported in the literature (10%). The occurrence of early aneurysm formation of the aortic root at a young age in this series warrants initial echocardiographic follow-up at least every 3 months until the age of 5 years. After that, echocardiographic follow-up can be tailored to the findings but should continue at least annually as progressive dilatation may occur later in life. 7, 15 Despite the progressive nature and sometimes large sizes of the aneurysms, no arterial dissections have been unequivocally recorded in ATS. 15 This, together with the amenability to vascular surgery, suggests that an aggressive surgical approach might not be indicated in cases of slowly progressive aortic root dilatation and that management guidelines similar to those being used for Marfan syndrome might be appropriate. About two-thirds of all patients have pulmonary artery stenoses, leading to feeding difficulties and pulmonary hypertension, requiring recurrent catheterizations with ballooning or stenting, and/or surgical interventions. Ischemic cerebrovascular events, as previously reported, 15 remain a concern, as this report adds a third case. Of note, two patients had an intestinal perforation likely secondary to local ischemia, similar to another reported case. 5 Coarctation at the isthmus is amenable to standard coarctectomy and endto-end anastomosis or stenting in milder cases. Larger stenotic stretches of the aorta may occur and may result in left ventricular hypertrophy. Importantly, this cohort confirms that a minority of patients (26%) may show stenoses distal to the aortic isthmus or in the aortic side branches, including the abdominal aorta, superior mesenteric artery and the renal arteries. Therefore, caution is warranted when starting agents that interfere with intraglomerular pressure such as angiotensin-converting enzyme inhibitors, angiotensin II receptor 1 antagonists, and nonsteroidal antiinflammatory agents. Prenatal manifestations include intrauterine growth retardation, oligohydramnios, and aortic tortuosity. We noticed a high incidence of IRDS and diaphragmatic hernias. IRDS can result from a diaphragmatic hernia, but may also relate directly to GLUT10 deficiency. Indeed, GLUT10 is highly expressed in lung alveoli and has been associated with airway sterility. 25 It also has been recognized that other elastinopathies, including Marfan and Loeys-Dietz syndromes, may show perturbed development of alveoli. Other presentations in infancy were pyloric stenosis and failure to thrive. Failure to thrive is often associated with pulmonary artery stenosis. Pyloric stenoses have also been reported in other elastinopathies that may cause vascular stenoses including LTBP4 deficiency. 26 All patients presented with characteristic facial features and variable connective tissue disorder manifestations including increased skin laxity, hernias (diaphragmatic, inguinal, and umbilical), joint hypermobility, and muscular hypoplasia. These connective tissue disorder manifestations are important as diagnostic triggers, but also because they may affect quality of life due to joint pain and exercise intolerance. We confirmed that when being examined carefully by automated keratometry and ultrasonic pachymetry, many patients show corneal thinning that may evolve to keratoconus, 15, 27 keratoglobus, or corneal ectasia. 23 We demonstrate elastic fiber fragmentation and increased collagen deposition in both skin and vascular biopsies of ATS patients. In contrast to a previous report, 16 immunohistochemical staining for CTGF and nuclear pSMAD2 in arterial tissue and skin biopsies did not unequivocally evidence upregulation of the TGF-β signaling pathway. TGF-β signaling is upregulated in many elastic fiber diseases including Loeys-Dietz, Marfan, and several cutis laxa syndromes, [28] [29] [30] [31] but the exact spatiotemporal regulation of TGF-β signaling remains a matter of debate. Indeed, in a morpholino zebrafish model of ATS, TGF-β signaling is downregulated during the first days of development. 20 In addition, TGF-β signaling alterations can either be a primum movens of altered matrix homeostasis or occur secondary to altered TGF-β sequestration in the matrix or altered matrix stiffness. Moreover, upregulation of TGF-β signaling may be protective in the early phase of aneurysm formation, as evidenced by outcome differences when treating aneurysm progression in Marfan mice models with TGF-β inhibition before or after the onset of aneurysm formation. 32 Also, treatment of children and young adults with Marfan syndrome and prominent aortic root dilatation with losartan, a TGF-β antagonist, was not beneficial compared with treatment with atenolol. 33 Our observations, based on a limited number of samples, indicate that the exact contribution of TGF-β signaling in the etiology of vascular tortuosity and aneurysm formation needs further exploration.
We are the first to report on transmission electron microscopy in ATS. Dermal elastic fibers show a distinct and recognizable pattern with poorly organized elastin assembly, especially at the periphery of the elastic fiber, where a large mantle of bare microfibrils is observed. Though we could not verify this in vascular tissue, it is tempting to speculate that reduced deposition of mature elastin in the extracellular matrix may lead to increased vascular smooth muscle cell proliferation and stenosis formation. As a whole, our clinical, histological, and ultrastructural observations suggest that GLUT10 deficiency affects the extracellular matrix homeostasis, rather than elastin alone.
In conclusion, this series confirms a better prognosis than initially reported in ATS, but warrants close follow-up for early aortic aneurysm formation and stenoses during the first years. These results shed light on previously unknown features such as prenatal manifestations, IRDS, and corneal thinning. In addition, early and aggressive aneurysm formation, diaphragmatic hernia, and ischemic events remain a concern. To provide a full diagnostic work-up and early recognition of complications, we would suggest to perform a detailed clinical examination, echocardiography, "head-topelvis" nuclear magnetic resonance angiography, ophthalmological examination with keratometry, and renal artery ultrasound in every patient diagnosed with ATS.
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